REPORT  DOCUMENTATION  PAGE 


Form  Approved  0MB  NO.  0704-0188 


iThe  public^  reporting^  burden  for  this  collection  of  Information  Is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services.  DIreaorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  colleaion  of 
linformation  if  it  does  not  display  a  currently  valid  0MB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. _ _ 


I,  REPORT  DATE  (DD-MM-YYYY) 

07-09-2009 


2.  REPORT  TYPE 

Final  Report 


3.  DATES  COVERED  (From  -  To) 

18-Jul-2005  -  17-Feb-2009 


4.  TITLE  AND  SUBTITLE 

Final  report  on  "Digital  Control  of  Exchange  Interaction  in  a 
Spin-based  Silicon  Quantum  Computer" 


5a.  CONTRACT  NUMBER 

W911NF-05- 1-0437 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 
611102 


6.  AUTHORS 

Leonid  P.  Rokhinson,  James  C.  Sturm 


5||PI^JECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

Purdue  University 
Sponsored  Programs  Services 
Young  Hall,  302  Wood  Street 

West  Lafayette,  IN _ 47907  -2108 _ 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U  S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-221 1 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


1 1 .  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

47944-PH-OC.l 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  public  release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 


of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

14.  ABSTRACT 

The  objective  of  the  proposed  work  was  to  demonstrate  that  digital  switching  of  the  exchange  interaction  by  real 
space  electron  transfer  will  provide  a  viable  method  for  accurate  control  of  inter-qubit  interactions.  In  order  to  fix 
the  strength  of  the  exchange  interaction  at  the  fabrication  stage  we  proposed  a  new  technology  for  3D  confinement 
of  electrons  by  abrupt  epitaxial  Si/SiGe  interface.  During  the  course  of  the  project  we  developed  CVD  growth  of 
high  mobility  2D  electron  gases  in  Si/SiGe,  low  damage  nanofabrication  techniques,  in  situ  cleaning  and  conformal 

15.  SUBJECT  TERMS 

silicon,  quantum  computing,  slicon-germanium,  epitaxy 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

15.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

Leonid  Rokhinson 

uu 

u 

U 

SAR 

19b,  TELEPHONE  NUMBER 

765-494-3014 

Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 18 


Digital  Control  of  Exchange  Interaction  in  a  Spin-based  Silicon  Quantum  Computer 
Final  Progress  Report  -  period  18  July  2005  -17  February  2009 


Principal  Investigators:  Leonid  Rokhinson,  Purdue  University,  James  Sturm,  Princeton  University 

Statement  of  the  problem: 

With  successful  demonstration  of  single  qubit  and  exchange  swap  operations  in  semiconductor 
qubits  during  the  last  few  years  we  need  to  addresses  a  few  critical  obstacles  that  lie  between 
isolated  devices  and  real  systems  with  many  qubits.  There  are  three  general  areas  of  concern:  (i) 
How  will  a  scalable  architecture  maps  on  the  physical  devices  and  their  interconnection  be  allowed 
by  the  technology?  (ii)  Is  the  process  technology  capable  of  making  many  identical  functioning 
devices  at  once?  (iii)  Are  the  devices  capable  of  a  sufficiently  low  error  rate  (e.g.  <  10'^)  to  be  useful 
for  systems?  In  this  project  we  propose  an  easily  scalable  architecture  which  addresses  major 
sources  of  errors  and  decoherence.  An  analog  electrostatic  control  of  exchange  interaction  is 
replaced  by  digital  switching  of  exchange  interaction,  which  will  eliminate  exponential  dependence 
of  exchange  on  the  control  voltages.  In  the  proposed  structure  a  qubit  consists  of  a  storage  quantum 
dot  with  an  electron  spin  holding  the  information.  For  double  qubit  (swap)  operation  electrons  from 
two  neighboring  storage  dots  are  transferred  into  a  double-dot  dimer  with  lithographically 
predefined  inter-dot  coupling.  The  exchange  is  controlled  by  the  time  the  electrons  spend  inside  the 
dimer  before  being  separated  back  into  the  storage  dots.  This  “flying  qubit”  concept  should  reduce 
errors  related  to  the  analog  control  of  exchange  interactions  and  is  straightforward  to  scale.  We  also 
propose  a  new  “clean”  epitaxial  Si/SiGe  technology,  which  will  eliminate  interface  traps  associated 
with  Si/Si02  or  Si/air  interfaces  which  usually  obscure  the  transport  in  nanoscale  Si  devices.  The 
technology  should  provide  strong  3D  confinement,  which  is  a  more  stringent  requirement  in  Si 
compared  to  GaAs  due  to  heavier  effective  electron  mass  and,  thus,  reduced  level  spacing  for  the 
same  strength  of  confining  potential. 

Summary  of  the  most  important  results: 

a)  CVD  growth  of  2D  electron  gas  in  strained  Si:  2D  gas  with  mobility  10,000  Vs/cm^  at  0.3 
K  has  been  demonstrated.  Clear  Shubnikov-de  Haas  oscillations  are  observed  at  B>1.5T  at 
0.3K. 

b)  2D  electron  gas  with  mobility  300,000  cm2/Vs,  density  3  10**  cm'^:  we  collaborate  with 
Ya-Hong  Xie  from  UCLA  and  now  have  access  to  high  mobility  MBE-grown 
heterostructures.  We  identified  that  UCLA  use  the  same  As-rich  substrates  from  Amberwave 
we  found  to  produce  substantial  leakage  at  low  temperatures  in  last  year’s  work.  A  specially 
designed  low  P-doped  wafers  will  be  used  for  further  growth. 

c)  Double  QW  structures  with  coupled  wells  have  been  grown  at  Princeton  and  investigated. 
We  measured  electron  transfer  between  the  well  as  a  function  of  electrostatic  gate  and  see 
clear  evidence  of  inter-layer  coupling  between  the  wells. 

d)  Ultra-low  leakage  top-gate  Schottky  barriers  for  charge  balancing  in  DQW  has  been 
developed  with  leakage  in  tenths  of  pA  range. 

e)  DQW  with  symmetric  double-side  doping  has  been  grown  at  UCLA,  detailed  investigation 
has  been  lingered  by  the  leaking  substrate  used.  New  growth  is  scheduled  for  mid  Sept. 

f)  Overgrowth  technology  with  low  side  gate  leakage  across  the  ovegrowth  region,  with 
leakage  in  tenths  of  pA  range.  The  overgrowth  has  no  substantial  effect  on  mobility  or 
density  of  either  CVD  or  MBE  2-D  gas  structures. 


g)  demonstration  of  epitaxial  regrowth  with  SiGe.  TEM  images  of  low-temperature  SiGe 
regrowth  on  Si  show  flat  interface  with  no  visible  defects. 

h)  modeling  of  3D  quantum  dots.  Atomistic  modeling  of  strained  3D  Si  dot  is  performed  as  a 
function  of  dot  and  buffer  sizes  and  buffer  composition.  Both  wavefunctions  and  energy 
levels  are  calculated,  valley  and  level  splitting  are  analyzed. 

Technological  progress: 

a)  Conformal  SiGe  re-growth:  We  achieved  conformal  epitaxial  re-growth  with  no  structural 
defects  as  confirmed  by  TEM,  see  Fig.  1.  We  also  demonstrate  that  re-growth  does  not  lead  to 
the  degradation  of  2D  gas  quality. 
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Fig.  1.  TEM  micrograph  of  and  edge  after  SiGe  regrowth.  In  the  red  inset  we  show  an 
example  of  non-conformal  regrowth  from  previous  years. 


b)  Effect  of  Substrate  Doping  on  Leakage.  We  identified  that  As  diffusion  is  greatly  enhanced 
along  threading  dislocations,  which  combined  with  segregation  of  As  at  the  dislocations  leads  to 
severe  electrical  leakage.  New  wafers  with  light  n-doping  have  been  developed  in  collaboration 
with  the  wafer  supplier  Amberwave  and  have  been  shown  to  enable  low-leakage. 

c)  Double  quantum  wells  have  been  grown  both  by  CVD  (Princeton)  and  MBE  (UCLA).  TEM 
images  confirm  abrupt  heterointerfaces  between  Si  and  SiGe  layers  (Fig.  2).  We  studied  charge 
transfer  between  the  wells  as  a  function  of  top  gate  voltage.  Abrupt  depletion  of  the  top  layer 
(sharp  dip  in  conductance  and  mobility)  indicates  inter-layer  coupling  between  the  wells. 
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Fig  2.  Top:  TEM  micrograph  of  a  double  quantum  well  heterostructure  grown  at  Princeton. 
Bottom:  resistance,  mobility  and  electron  density  of  the  DQW  as  a  function  of  the  top  gate 
voltage.  Peak  in  resistance  (and  corresponding  dip  in  mobility)  corresponds  to  the  depletion  of 
the  top  well  and  transfer  of  the  electron  density  into  the  bottom  one. 


d)  Epitaxially  confined  QD  has  been  demonstrated,  see  Fig.  3.  There  is  very  little  side  gate 
leakage  (in  pA  range),  which  allows  operation  of  all  6  gates.  At  low  temperatures  we  observe 
Coulomb  blockade  oscillations.  There  are  yet  charging  effects  which  prohibit  detailed 
investigation  of  the  device.  In  order  to  achieve  cleaner  regrowth  interface  we  will  modify  the 
fabrication  so  only  single  crystallographic  plane  is  exposed  during  regrowth. 


